Abstract
Introduction
Multiple sclerosis (MS) is a chronic immune-mediated demyelinating disease of the central nervous system (CNS), which generally affects persons aged between 20 and 50 years [1, 2] . MS is one of the leading causes of disability in young adults in the developed world, affecting approximately 2-2.5 million people globally [3] . There are various types of MS, with relapsing multiple sclerosis (RMS) representing more than 85% of patients [4] . This subgroup is characterized by periods of remission and relapse. Relapses occur when the patient experiences symptoms due to demyelination and axonal loss of the white and grey matter of the CNS. Relapses can vary in severity and duration, lasting anywhere from hours to weeks. Relapse symptoms may include problems with bladder and bowel, vision, tremors, speech, swallowing, balance, dizziness, stiffness, and spasms.
While several regional studies have examined MS prevalence in China and have indicated increasing prevalence over time, no comprehensive national prevalence studies are available [5] [6] [7] . A study by Cheng et al. [8] estimates the prevalence of MS to be 3.7 (95% CI 1.65-5.8) and 6.7 (95% CI 2.7-9.56) cases per 100,000 people for males and females, respectively, using hospital data from 2013 the Shandong Province [9] . The mean age at onset of MS was 36 for males and 33.7 for females [9] . Estimates for RMS prevalence are also limited with no burden of illness estimates of MS among Chinese patients available from review of publicly available literature [10] .
Chinese expert consensus on MS diagnosis and treatment [11] suggest management of MS with the use of corticosteroids, immunosuppressants, immunoglobulin, and monoclonal antibodies, as well as interferon beta-1b 250 mcg (Betaferon ® ), which is the only marketed disease-modifying therapy (DMT) approved in China and was added to the National Reimbursement Drug List in 2017. Recently, teriflunomide (14 mg tablet, daily) (Aubagio ® ) was approved as the only oral DMT indicated for the treatment of RMS in China, following global approval in more than 80 other countries.
In clinical trials, teriflunomide reduced the risk of relapse compared to placebo [12] . Long-term data over 9 years have shown that teriflunomide is well tolerated, and efficacy is maintained in a similar manner to that observed in the registrational TEMSO and TOWER Phase 3 clinical trials [12] . From an analysis of pooled safety and tolerability data from four placebo-controlled teriflunomide studies and their extensions (the Phase 2 study NCT01487096, and the Phase 3 studies TEMSO, TOWER, and TOPIC), no unexpected safety signals were detected over a treatment duration exceeding 12 years with a cumulative exposure exceeding 6800 patient-years [13] .
Teriflunomide has been evaluated as cost effective compared to other therapies when studied internationally [14, 15] , but cost-effectiveness evidence is limited on how this new therapy compares to other DMTs from the Chinese healthcare perspective. The objective of this study was to evaluate the cost effectiveness of teriflunomide compared to interferon beta-1b among patients in China with RMS.
Methods
A Markov cost-effectiveness model with annual periods was developed, similar to the School of Health and Related Research (SchARR) model published previously (Fig. 1 ) [16] , incorporating RMS disability states as measured using the Kurtzke Expanded Disability Status Scale (EDSS) [17] . Transition probabilities were based on a natural history model based on the prognosis of patients receiving best supportive care (BSC). Relative treatment effects for teriflunomide and interferon beta-1b used in the model were estimated from a mixed treatment comparison used previously for teriflunomide's technology assessment by NICE [18] . The model was from a Chinese healthcare system perspective and a lifetime horizon. Utility model inputs were obtained from the literature. Cost inputs were derived using unit costs from the literature and a healthcare utilization survey among key opinion leaders (KOLs) on the management on RMS in China. An annual discount rate of 3% was applied for costs and health outcomes. Costs were inflated to ¥2018 values as needed using the Chinese Consumer Price index of medical care.
A description of the methods used to conduct the survey and a detailed description of the model structure are presented below.
Description of KOL Survey on Healthcare Utilization Model Inputs
Data on healthcare resource utilization and the costs associated with RMS in China are limited [10] . While a national claims database China Health Insurance Association (CHIRA) exists and may be available to researchers on a case-by-case basis [19, 20] , our literature review did not identify studies using that database to define economic inputs in MS or RMS populations. A total of 11 KOLs from various regions of China specializing in MS were identified to be surveyed for collection of healthcare resource utilization and costs. KOLs had to meet the following inclusion criteria to participate in the survey: (1) attending neurologist or higher level (e.g. assistant director physician, director physician), (2) have at least 10 years of experience in managing of MS patients, and (3) currently manage more than 15 MS patients a year.
The survey was developed and shared with the KOLs prior to the interview. The survey included 3 main components: (1) characteristics of RMS patients and treatment patterns, (2) resource use (i.e. drugs, lab tests, office and emergency visits, and hospitalizations) associated with RMS management during remission and relapse, by disease severity based on mild, moderate, and severe EDSS score, and (3) resource use associated with the management of adverse events (AEs). Two face-to-face interviews and 9 phone interviews were conducted across the 11 KOLs in various regions of China including the north region, middle region, south region, and west region between January and March 2018. Inputs derived from the physician questionnaire are comprehensively detailed in the Supplementary Material section.
Model Structure and Inputs
The disability states in the model are defined using EDSS, which has scores ranging from 0 (normal) to 9 (patient confined to bed and unable to communicate effectively or eat/swallow). At each model cycle, patients can stay in the same disability state, progress to a higher (worse) disability state, regress to a lower (better) disability state, or die (Fig. 1) .
Patients enter the model on active treatment with a DMT and move on to BSC when they withdraw from the DMT.
Treatment impacts the natural history of the disease (i.e. the natural progression of a patient who is not being treated). The effects of treatment in the model aim to delay disability worsening, reduce the frequency of relapse, and reduce relapses leading to hospitalization. Patients may also experience treatment-related AEs.
The probability of progressing to a higher/lower disability state depends on the patient's current EDSS health state. The probability of dying in any state depends on the current EDSS state and is modelled indirectly using mortality ratios for each EDSS state multiplied by age-and gender-specific background mortality.
Costs and quality-adjusted life years (QALYs) per patient are calculated based on the time spent in each EDSS state, incidence of relapses, treatment-related AEs, the treatment received, and the time spent on treatment.
Population Characteristics
The model population represented pooled RMS patients (treatment-naïve and treatment-experienced) as obtained from the TEMSO and TOWER Phase III studies [21, 22] ; at baseline, the cohort was characterized by a median age of 38 years, a female to male ratio of 2.5, and a mean EDSS of 2.6.
Natural History Data Sources for Disability Transitions and Annualized Relapses
Data on natural disease history provide information on how RMS patients progress in disease severity in the absence of treatment. To model disability worsening as a probability of being in any of the defined health states of the Markov model, we used the transition matrix of the British Columbia Multiple Sclerosis (BCMS) database, which has been identified by the Scientific advisory group of the UK MS Risk Sharing Scheme as the most appropriate natural history data in prior cost-effectiveness analyses [23, 24] . For the annualized number of relapses by EDSS level in the absence of DMT treatment, we used EDSS state-dependent natural history relapse rates sourced from the Sylvia Lawry Centre for Multiple Sclerosis Research (SLCMSR) database [25] .
The model stratified relapse events by relapses leading to hospitalization or not, and assumed the proportion of relapses leading to hospitalization or not to be constant across all EDSS states. Relapses that require hospitalization incur greater costs and quality of life (QoL) losses than those that do not lead to hospitalization. Based on the Chinese KOL survey, the percentage of relapses leading to hospitalization was 82%, and 18% for those not leading to hospitalization.
Efficacy Inputs
The beneficial effects of DMTs are to delay disability progression and to reduce relapse rates. Both efficacy inputs were modelled by applying the DMT-specific relative efficacy ratios to the natural history rates of disability and annualized incident relapse rates. The results of a mixed treatment comparison were used to populate the relative treatment efficacy of teriflunomide and interferon beta-1b as estimated previously from a mixed treatment comparison used for teriflunomide's technology assessment by NICE (Table 1 ) [18] .
In a sensitivity analysis, the model was also run using relative efficacy of teriflunomide versus placebo from Chinese subgroup of patients in the TOWER study with hazard ratio (HR) = 0.32 (0.07, 1.51) for confirmed disability worsening and risk ratio (RR) = 0.29 (0.15, 0.57) relative annualized relapse rates [26] . The treatment efficacy for interferon beta1b was assumed to be similar to that of the pooled RMS population in Table 1 , as no similar data source was found regarding interferon beta-1b efficacy in Chinese patients.
The model also assumed that treatment efficacy may diminish over time and therefore incorporated treatment waning multipliers to bring the relative efficacy parameters closer to null in the later years of the lifetime horizon. The treatment effect for teriflunomide and interferon beta-1b was assumed to be 100% for the first 2 years, after which it decreased to 75% of the original treatment effect for the third, fourth, and 5 years of treatment; thereafter, the waning effect was 50% for each year [27, 28] .
Treatment Withdrawal
The model assumes that the annual probability of withdrawal for each treatment does not persist over the lifetime horizon. Patients are assumed to withdraw from teriflunomide or interferon beta-1b at a constant rate of 10% in the first 2 years of the time horizon, followed by 3% every year thereafter, similar to assumed rates in the literature [18, 29, 30] . A similar treatment withdrawal assumption for teriflunomide and interferon beta-1b was used for this analysis [31] [32] [33] .
Additionally, while prior economic models have assumed that patients receiving DMT would not experience a treatment effect in more severe stages of the disease, and patients were assumed to withdraw from treatment [34] , no clinical trials have directly addressed this concern and therapy continuation is recommended as long as the patient's underlying disease is stable [35] .
Mortality
The model calculated a weighted average mortality rate based indirectly on the age and sex of the modelled population, using the background all-cause mortality rates for Chinese men and women in 2015 as obtained from the World Health Organization [36] , and multiplied by a mortality factor [37] corresponding to each EDSS health state [29] .
Cost Inputs
Total costs per patient were calculated by summing costs related to treating relapses and disability worsening, drug acquisition costs associated with DMT treatment, and monitoring costs and management of treatment-related AEs. With the exception of drug acquisition costs, individual component costs were derived based on healthcare resource utilization patterns identified by the Chinese KOL survey for each of the three categories by EDSS severity (mild EDSS 0-3.5, moderate EDSS 4-6, severe EDSS 6.5-9.5). Unit cost in China for each resource item based on public sources was applied to calculate the cost by EDSS severity. Direct medical cost by EDSS state were derived after the use of linear interpolation techniques [38] and are shown in (Table 2) . Further details are provided in Supplementary Fig. 1 .
To calculate the costs associated with relapses in the model, resource use estimates obtained from the Chinese KOLs and unit cost in China based on the China Health Insurance Research Association (CHIRA) database were used ( Table 2) .
The annual treatment acquisition cost of interferon beta-1b was sourced from the 2017 national reimbursed drug negotiation [39] , while the annual acquisition cost for teriflunomide was based on the cost patients pay after enrolling in a patient assistant program (PAP). Treatment monitoring costs were calculated based on resource use obtained from the Chinese package insert of teriflunomide and from the KOLs for interferon beta-1b. Unit costs associated with the monitoring resources were based on published sources in China.
All cost inputs are comprehensively detailed and referenced in the Supplementary Material section.
Utility Inputs for EDSS States and Relapse
Utility weights for each EDSS were based on a published evaluation by UK MS Risk Sharing Scheme [24] . The annual utility loss per relapse was − 0.03 for relapses leading to hospitalization and − 0.009 for relapses not leading to hospitalization, assuming a 1.5-month duration of relapse, as recommended previously [23, 40] , multiplied by utility loss values for relapse from the UK MS Survey [41] .
AE Inputs
The selection of AEs was based on a scientifically rigorous set of criteria without necessarily restricting the analysis to grade 3/4 AEs, as severe AEs may be rare and may not significantly contribute to cumulative costs and benefits. The selection of AEs followed a systematic approach, as used previously in RMS [29] . First, AEs listed on the package insert with at least a 5% overall incidence and/or with at least 3% higher incidence in the drug arm than in the placebo arm of the clinical trials were considered. The list of AEs was then sorted first by the magnitude of the difference between the drug and placebo arms in each comparator trial, and then sorted by the absolute AE incidence in the drug arm. The top AEs were then selected for inclusion in the model and were validated by Chinese KOLs. Resource use associated with each AE was obtained from the Chinese KOLs and unit cost for each resource item was applied to calculate the cost of managing the selected AEs. To estimate the disutility of AEs over one annual cycle, the utility loss per AE was multiplied by the duration of the AE, as sourced from the published literature (Table 3) .
Sensitivity and Scenario Analysis
Several data parameter sensitivity analyses were conducted by setting teriflunomide disability worsening and relapse rate efficacy ratios at the upper and lower 95% CI values, varying treatment acquisition costs (± 10%), assessing the sensitivity around the cost of managing relapse (± 20%), and varying the model time horizon and treatment withdrawal rate for the comparators. Probabilistic sensitivity analysis (PSA) to assess the uncertainty around all model parameters simultaneously was also carried out. 
Results
Teriflunomide dominated interferon beta-1b and was associated with lower total costs (teriflunomide ¥1,887,144 vs interferon beta-1b ¥2,061,393) and higher QALYs (teriflunomide 9.60 QALYs vs interferon beta-1b 8.88 QALYs) (Table 4) . Cost savings were generated predominantly by savings in treatment acquisitions costs (− ¥136,104) and disease-related costs (− ¥36,144). In univariate analysis, the discount rate, length of time horizon, and treatment acquisition cost had the biggest impact on cost differences. Relative treatment efficacy assumptions with respect to slowing progression had the biggest impact on differences in QALYs (Fig. 2) . Furthermore, PSA indicated that the cloud of bootstrap iterations primarily occupied the lower cost/higher QALY quadrant, with the probability of teriflunomide being cost effective as 78% at ¥162,000/QALY threshold (3 times GDP per capita in China) and being dominant in 62.2% of model runs.
It should be noted that about one-third of bootstrapped cost-effectiveness estimates ended up in the south-west quadrant of the cost-effectiveness plane (lower incremental cost and lower incremental efficacy), which may have a counterintuitive interpretation. When estimates fall in that quadrant, relinquishing one additional unit of effectiveness gain valued at high willingness to pay can be preferred rather than the savings associated with the lower cost of treatment. In those cases, interferon beta-1b will be the cost-effective therapy of choice and this possibility is reflected in the downward sloping cost-effectiveness acceptability curve with higher willingness to pay thresholds, which, however, still result in probabilities of cost effectiveness greater than 50% for teriflunomide.
In a scenario where teriflunomide was assumed to be of the same acquisition cost as interferon beta-1b, teriflunomide continued to be dominant with lower total costs ∆ = − ¥27,293 and higher QALYs ∆ = 0.73.
In the scenario sensitivity analysis incorporating efficacy data from the Chinese patient subgroup from teriflunomide's TOWER study, teriflunomide was associated with even lower total costs (¥1,807,930), higher QALYs (10.73), and a probability of teriflunomide being cost effective of 89% at ¥162,000/QALY threshold.
Discussion
Our study provides new information on resource use and burden among RMS patients treated with teriflunomide and interferon beta-1b. Teriflunomide was a cost-effective treatment compared to interferon beta-1b. This was due largely to lower acquisition costs and lower disease-related costs.
While the prevalence of diagnosed RMS is estimated to be lower in the Asia Pacific region as compared to Western countries, it should be considered that China has a population of more than 1 billion people and even a relatively rare disease may affect a large absolute number of patients and impose a significant burden [7] . It is well documented that caring for patients with RMS poses economic, psychological, emotional, and quality-of-life burdens on patients, caregivers, and relatives [42] and leads to negative spillover effects in society [43] . As such, treatment with effective DMT may reduce social and family burden by reducing productivity loss and indirect cost related to RMS. When the model was run from a societal perspective, incorporating costs due to short-and long-term productivity losses as well as for indirect care (inputs described in Supplementary Table 3 ), the benefit of using teriflunomide was even higher with lower costs (teriflunomide ¥2,731,728 vs interferon beta-1b ¥2,966,990) and higher QALYs (teriflunomide 8.99
QALYs vs interferon beta-1b 8.19 QALYs).
As is common with cost-effectiveness analyses, we recognize the following limitations and potential future improvements that must be considered when interpreting the data. While RMS transition probabilities and health preference data were used as referenced from Western and high-income countries, the data are from well-known and utilized sources. A recent systematic literature review of 23 publications from 10 countries concludes that the model structure has converged over time [44] and other international studies, such as our work, rely on the abovementioned model inputs [45] [46] [47] [48] .
Additionally, while further study is needed to verify the estimates derived from the KOL survey, it should be noted that in sensitivity analyses, the estimates of EDSS costs we used did not substantially impact study results. For clarity and transparency, in Supplementary Table 1 and 2 we have added a detailed summary of resources use during the relapse phase and by EDSS category, as provided by KOLs. For validity check, we compared the derived estimates from KOL to recently published data on MS costs in Russia [49] where costs are expected to be more similar to those in China than another high-income Western country. The Russia study reports direct costs (excluding DMT) of approximately US$1670 for mild severity patients EDDS 0-3; US$3220 for moderate severity patients EDSS 4-6.5, and US$7800 for severe patients of EDSS 7-9 [49] . These costs are comparable to those derived from the Chinese KOL survey with US$884 average for the management of mild patients, US$5237 for moderate severity patients, and US$7648 for severe patients in our study.
Second, other sources of natural history data could be considered in the model as they become available. Testing the impact of these matrices against the current model could inform decision-makers about the applicability of current data to the decision problem of interest. Use of separate network meta-analysis estimates in all different subgroups considered in the model could better inform the efficacy parameters in the model. It is recommended that a new metaanalysis is conducted for all population options in the model in order to ensure a consistent set of evidence for treatment effect.
Additionally, in the absence of published data, the inputs regarding the administration, monitoring, withdrawal, and resolution of AEs associated with each treatment were obtained from the KOL survey, which reflect the clinical practice, combining with the package inserts of these two treatments. Clinical experts have validated the numbers applied in the model, but further studies are needed to verify these estimates.
The model did not incorporate any additional utilities due to the ease of use of an oral versus injectable administration. Currently, there is no head-to-head or indirect comparison study being conducted to demonstrate the administration benefit of teriflunomide compared with interferon beta-1b. In a comparison to another injectable (interferon beta-1a subcutaneous injection), a randomized Phase 3 clinical trial demonstrated that average compliance was high and not different between teriflunomide 14 mg (98.4%) and interferon beta-1a (97.6%) [33] . Given this evidence, for this analysis we assumed that compliance was similar between teriflunomide and interferon beta-1b. It should be added, however, that patients receiving teriflunomide expressed significantly better treatment satisfaction than those treated with interferon beta-1a [33] .
Due to worsening of symptoms or occurrence of AEs, patients are likely to discontinue their treatment or move to an alternative treatment regimen; however, our model may 
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Teriflunomide I nterferon beta-1b not fully represent MS management in clinical practice. One of the main limitations of this study is related to the model assumption that patients discontinuing treatment were not allowed to switch to a different treatment or reinitiate treatment at a later time. However, definitive real-world evidence on the adherence, withdrawal, combination therapy, gaps of care, as well as switching patterns among DMT agents in RMS is not yet available, and future research should incorporate that evidence when it becomes available.
Conclusion
From a Chinese healthcare system perspective, our analysis suggests that teriflunomide is a cost-effective disease-modifying therapy for RMS compared to interferon beta-1b. Results should be interpreted with caution as head-to-head comparisons between teriflunomide and interferon beta-1b are not yet available. The results of this study can provide scientific reference for decision making on the healthcare resources allocation for the treatment of RMS in China.
